Quantum chemical calculations showed to be an excellent method to predict the electrochemical window of ionic liquids with reduction-resistant anions. A good correlation between the LUMO energy and the electrochemical window is observed. Surprisingly simple but very fast semiempirical calculations are in full record with density functional theory calculations and are a very attractive tool in the design and optimization of ionic liquids for specific purposes.
Introduction
In the last two decades ionic liquids [1] [2] [3] have received much interest for use as water-free electrolytes. They might combine the advantages of the conventional high-temperature molten salt electrolytes and aqueous electrolytes. Ionic liquids have wide electrochemical [4] [5] [6] and temperature [1, 2] windows, high ionic conductivities [6, 7] , can dissolve most metal salts [1] [2] [3] , and allow several metals conventionally obtained from high-temperature molten salts to be deposited at room temperature without corrosion problems [8] [9] [10] [11] . Moreover, they might posses lower toxicity, flammability, and volatility compared to conventional electrolyte systems [12] . Applications include the use of ionic liquids as electrolytes in battery systems [13] , solar cells [14] , and electrochemical capacitors [15] [16] [17] . In principle, it is possible to tune the properties of ionic liquids [2] . However, taskspecific design of ionic liquids is not straightforward. Reasons for that are that the synthesis of a large variety of ionic liquids is still cumbersome, and experimental measurements on the properties of ionic liquids are relatively scarce. Molecular modeling can be a useful tool to establish both qualitative and quantitative relations between the properties of ionic liquids and their structure [18] .
In this work quantum chemical calculations are used to predict the electrochemical stability of ionic liquids with reduction-resistant anions. The electrochemical window [1] of such ionic liquids depends primarily on the resistance of the cation against reduction and the resistance of the anion against oxidation [12] . Previously, Koch et al. have correlated the electrochemical oxidation potentials of several anions with their respective highest occupied molecular orbital (HOMO) energies [19] , and an excellent fit was obtained. In this study the electrochemical stability of a series of ionic liquids is correlated with the energy levels of the lowest unoccupied molecular orbital (LUMO) of the cations.
Experimental
All calculations were carried out using the Spartan'10 molecular modeling suite of programs [20] . Of all ionic liquid structures built, the best conformer was selected using molecular mechanics. These conformers were fully geometry optimized at the B3LYP level using the corresponding PM3 structures as input.
The underlying assumptions are that major properties of an ionic liquid can be obtained from just a single cation/ anion pair or in several cases even from the single cation or anion. Furthermore the application of HOMO/LUMO theory for electrochemical oxidation/reduction reactions assumes that there is no specific anodic/cathodic interaction with the anion/cation of the ionic liquid or internal reaction between the cation and the anion and that the electrochemical reactions can be described as outer sphere electron transfer processes, obeying the Franck-Condon principle [21] .
Results and Discussion
The structure of the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate ([bmim + ][BF 4 − ]) was calculated at B3LYP level. It shows nonbonded interactions (C-H· · · F hydrogen bonds) between the BF 4 − and (i) the hydrogen at ring position C2 and (ii) a methyl group hydrogen as can be seen in Figure 1 .
The electrostatic potential map indicates that the negative charge (red colored) is located on the formal anion (BF 4 − ) and the positive charge (blue colored) on the formal cation (bmim + ). The structure is nearly identical to previous calculations [22, 23] . Thereafter, the position of the LUMO on [bmim + ][BF 4 − ] was determined. This position was compared to the position of the LUMO on the cation only as shown in Figure 2 . From Figure 2 it can be concluded that the LUMO of this ionic liquid is totally located on the cation.
Because the LUMO is located completely on the cation, the resistance of the cation against reduction determines the stability with respect to reduction of the ionic liquid predominantly. However, because of obvious interactions between the cation and anion, the absolute quantitative energy level of the LUMO of the total ionic liquid will be different from the energy level of the LUMO of the cation solely, but these energy levels should be correlated. To test the existence of this correlation, the LUMO energy level of several tetrafluoroborate ionic liquids and that of their cations only was calculated. Results are shown in Table 1 and Figure 3 , which clearly indicate that both LUMO energy levels are correlated. The correlation coefficient is 0.99. Therefore, the assumption that the LUMO energy level of the cation solely determines the resistance of these ionic liquids against reduction seems to be appropriate. The energy level of the LUMO of several cations was calculated on the B3LYP level, and results are shown in Table 2 . Higher LUMO energies of the cations lead to more stable ionic liquids. Therefore, from Table 2 it can be concluded that the order in resistance against reduction is piperidinium > pyrrolidinium > quaternary phosphonium > quaternary ammonium > imidazolium > pyrazolium > pyridinium. This order correlates to experimental data [1, 6, 13] .
The experimentally determined electrochemical window of several ionic liquids with tetrafluoroborate and trifluoro methylsulfonate anions was thereafter correlated to the LUMO energy level of the cation. When the anion type is fixed, the width of the electrochemical window will only be determined by the stability of the cation with respect to reduction.
In Table 3 the calculated LUMO energy level (on B3LYP level) of the cation of several ionic liquids with the same anion and their experimentally determined electrochemical windows are given.
From Figure 4 it can be seen that the correlation is excellent with correlation coefficients of 0.98 and 0.99 and that the influence of these type of anions on the electrochemical windows is rather small. From Tables 2 and 3 some remarks should be made. Ionic liquids consisting of cations with longer alkyl side chains are more stable with respect to reduction. This is consistent with experimental observations [4, 5, 24] but the extension of alkyl side chains also leads to a lower conductivity [24] . Therefore it does not seem practical [27] to increase the length of the alkyl chain. Furthermore, the electrochemical stability towards reduction of the nonaromatic N-containing cations (pyrrolidinium, piperidinium, and tetraalkylammonium) is higher than that of the aromatic cations, which is also consistent with literature data [5, 6, 13, [24] [25] [26] [27] . Alkylation of the aromatic ring improves the electrochemical stability [24] . However, nonaromatic cations have high melting points compared to aromatic cation-based ionic liquids [6] . They need a long alkyl side chain and/or combination with the bis(trifluoromethylsulfonyl) imide anion to have a melting point lower than room temperature [6] . Finally, it can be noticed that an increasing Lewis acidity of the ionic liquid shifts the reduction potential positively (less stable with respect to reduction), which was also shown in previous experiments [7, 15, 19] . For example, the more negative reduction potential of 2-methylimidazolium cations compared to 1,3-dialkylimidazolium cations is linked to their weaker Lewis acidity [7] . So far, the LUMO energy levels of the cations are all calculated at the B3LYP level. Semiempirical calculations on the other hand are still much simpler and faster, but definitely unreliable for energetic comparisons. Because the PM3 structures were already available, it was tried to correlate the PM3 and B3LYP LUMO energies. Table 4 shows that the semiempirical results are in full record with the B3LYP results. The correlation coefficient between the semiempirical results and the B3LYP results is 0.96 ( Figure 5) .
Because the PM3 calculations show the same trend in LUMO energies of the cation as the B3LYP calculations, it was also tried to correlate the electrochemical window of ionic liquids with the LUMO energy at PM3 level. The results are shown in Table 5 and Figure 6 . 
Conclusions
The LUMO of ionic liquids with reduction-resistant anions is totally located on the cation. The energy level of the LUMO of the cation is a good predictor for the width of the electrochemical window. Semiempirical PM3 calculations are in full record with B3LYP calculations; however they require very little computational resources, and thus should be preferred to predict the electrochemical window of ionic liquids. The results obtained here are another demonstration of the versatile power of the old HOMO-LUMO concept to make in principal very complicated issues understandable in rather easy way.
